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The blades that play a key role to collect wind energy are the most critical components of a wind turbine 
system. Meanwhile, they are also the parts most susceptible to damage. Structural health monitoring 
(SHM) system has been proposed to continuously monitor the wind turbine. Nevertheless, no system has 
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yet been developed to a stage compatible with the requirements of commercial wind turbines. Therefore, 
full-scale structural testing is the main means available so far for validating the comprehensive 
performance of wind turbine blades. It is now normally used as part of a blade certification process. 
Keywords: It also allows an insight into the failure mechanisms of wind turbine blades, which are essential to the 
Wind turbine blade success of SHM. Furthermore, it provides a unique opportunity to exercise SHM and non-destructive 
ieee testing (NDT) techniques. Recognizing these practical significances, this paper therefore aims to carry out 
Digital image correlation an extensive review of full-scale structural testing of wind turbine blades, including static testing and 
Structural health monitoring fatigue testing. In particular, the current status in China is presented. One focus of this review is on the 
Condition monitoring failure mechanisms of wind turbine blades, which are vital for optimizing the design of themselves as 

well as the design of their SHM system. Another focus is on the strengths and weaknesses of various SHM 
and NDT techniques, which are useful for evaluating their applicability on wind turbine blades. 
In addition, recent advances in photogrammetry and digital image correlation have allowed new 
opportunities for blade monitoring. These techniques are currently being explored on a few wind 
turbine blade applications and can provide a wealth of additional information that was previously 
unobtainable. These works are also summarized in this paper in order to discover the pros and cons of 
these techniques. 


© 2014 Elsevier Ltd. All rights reserved. 
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1. Introduction 


Being a renewable and green source of energy, wind energy has 
become a pillar of the energy systems in many countries and 
is recognized as a reliable and affordable source of electricity. 
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It has seen an average growth of 30% in the past decade and the 
wind capacity doubles every third year. In the year 2012, 100 
countries were identified where wind energy was used for elec- 
tricity generation. In total, the worldwide wind capacity reached 
282,275 MW. The contribution of wind energy to the energy supply 
has reached a substantial share even on the global level: all wind 
turbines installed around the globe by the end of 2011 contribute 
potentially 580 Terawatthours to the worldwide electricity supply, 
more than 3% of the global electricity demand. Furthermore, 
substantial growth is expected in the future, although the growth 
in 2012 went down to the lowest rate of 19.1% in the two decades. 
It is estimated that a global capacity of more than 500,000 MW by 
the year 2016, and around 1,000,000 MW by the year 2020 are 
possible [1]. 

The other side of the coin is that the development of wind 
energy cannot be smooth sailing all the way. The wind turbines, 
which convert wind power into mechanical energy and then 
generate electricity, often operate in harsh environments. There- 
fore, they may be damaged by many load and environmental 
factors like fatigue, lightning, fire, strong wind, moisture, and 
so on. Wind turbine accidents have been reported from time to 
time. An extensive documentation of wind turbine accidents is 
provided by Caithness Windfarm Information Forum (http://www. 
caithnesswindfarms.co.uk) [2]. Fig.1 shows the statistics of wind 
turbine accidents recorded since 1970s. By September 30 2013, a 
total of 1446 accidents have been reported worldwide. In trend, 
more accidents occur as more wind turbines are built. There are an 
average of 8 accidents per year from 1993 to 1997 inclusive; 33 
accidents per year from 1998 to 2002 inclusive; 80 accidents per 
year from 2003 to 2007 inclusive; and 141 accidents per year from 
2008 to 2012 inclusive. The most dangerous failure is a high wind 
failure, which occurs when the braking system fails, causing the 
rotor to hit the tower at a high speed. This resulted in considerable 
damage from parts of the blade to the entire nacelle (rotors 
attached) flying off the tower structure. Blades and other sub- 
stantial parts have landed as far away as 500 m in typical cases. For 
example, the Hedingshan Wind Farm in China's east coastal city of 
Wenzhou suffered heavy damage after being swept by Typhoon 
Saomai with wind speeds up to 67 m/s in mid August 2006. Blades 
suffered the most serious damage. 15 Vestas 600 kW turbines and 
two Dewind 600 kW units were either fragmented or broken 
into three parts, while one Vestas 660 kW and two Windey 
750 kW machines were toppled. Only eight of the 28 installed 
wind turbines barely survived. 

Although damage can occur to any component or part of the 
wind turbine, blade failures are a prominent structural failure 
and are the most common type of damage that occurs in a wind 
turbine system. According to the accident statistics provided 
by Caithness Windfarm Information Forum [2], by far the biggest 
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Fig. 1. Statistics of wind turbine accidents recorded since 1970s. 


number of incidents found was due to blade failure: a total of 265 
separate incidents were found. It has also been shown that the 
blade damage is the most expensive type of damage to repair and 
requires considerable repair time. Furthermore, rotating mass 
unbalance due to minor blade damage can cause serious second- 
ary damage to the whole wind turbine system if prompt repair 
action is not taken and this can result in the collapse of the whole 
tower. A failed blade might damage other blades, the tower, the 
wind turbine itself, and possibly other turbines in the wind 
farm. Last but not least, the blades are generally regarded as the 
most critical component of the wind turbine system. The cost 
of the blades can account for 15-20% of the total wind turbine 
system [3]. Therefore, utmost care should be given to the wind 
turbine blades. 

To keep wind turbines in continuous operation, structural 
health monitoring (SHM) of wind turbines is more becoming daily 
practice. An extensive review of SHM for a wind turbine system 
has been presented by Ciang et al. [4]. To date, the most successful 
application of SHM technology has been for condition monitoring 
(CM) of rotating machinery [5]. Now the CM system has become 
an integral part of a wind turbine system. The gearbox, bearings, 
etc. are online controlled with methods derived from CM. 
Monitoring of these parts is mostly done with accelerometers. 
Since a lot experience exist in CM, many companies and research 
institutes worldwide offer their services for monitoring machine 
parts. The reader is referred to [6,7] for comprehensive reviews of 
CM of wind turbines. The blade is another most monitored 
component in a wind turbine system. However, the SHM of wind 
turbine blades is still in development [8]. 

So far, full-scale structural testing is the main means available 
for validating the comprehensive performance of wind turbine 
blades. It is now normally used as part of a blade certification 
process. It also allows an insight into the failure mechanisms of 
wind turbine blades, which are essential to the success of SHM. 
In addition, it provides a unique opportunity to exercise SHM and 
non-destructive testing (NDT) techniques in a laboratory environ- 
ment. The applicability of a big palette of SHM and NDT techniques 
on wind turbine blades can be tested in the full-scale structural 
testing. Recognizing these significances, full-scale structural test- 
ing of wind turbine blades has been carried out worldwide. 
A variety of testing procedures, methods, and techniques has been 
proposed, which usually led to the diversity of testing results. 
It therefore necessitates a review of these works to help the reader 
obtain a comprehensive understanding of the full-scale structural 
testing of wind turbine blades. To the best of the authors' knowl- 
edge, reviews in this regard have not been reported yet. This paper 
therefore aims to carry out an extensive review of full-scale 
structural testing of wind turbine blades. The review makes a 
reference database for different testing procedures, methods, 
techniques, and results, which is beneficial to the reader to 
enhance their understanding of full-scale structural testing of 
wind turbine blades. Specifically, a collection of failure mechan- 
isms of wind turbine blades can be used to optimize the design of 
large-scale wind turbine blades and guide the design of SHM 
system for them. An assortment of strengths and weaknesses of 
various SHM and NDT techniques can be employed to evaluate 
their applicability on wind turbine blades. A collective report of 
new measurement technologies can help discover their pros and 
cons as well as indentify promising in-service wind turbine SHM 
techniques. 

The paper is organized as follows. In Section 2, a review of 
full-scale structural testing of wind turbine blades, including static 
testing and fatigue testing, is presented. In particular, the current 
status in China is reported. The failure mechanisms of wind 
turbine blades are emphasized in this review. Meanwhile, promis- 
ing SHM and NDT techniques exercised in the full-scale structural 


H.F. Zhou et al. / Renewable and Sustainable Energy Reviews 33 (2014) 177-187 179 


testing are also highlighted. In Section 3, new measurement 
technologies for wind turbine blade monitoring, including photo- 
grammetry and digital image correlation, are summarized. The key 
implementation issues as well as the pros and cons of these 
techniques are discussed. Finally, conclusions and prospects are 
provided in the final section. 


2. Full-scale structural testing 


According to IEC 61400-23 [9], the fundamental purpose of a 
wind turbine blade test is to demonstrate to a reasonable level of 
certainty that a blade type, when manufactured according to a 
certain set of specifications, has the prescribed reliability with 
reference to specific limit states, or more precisely, to verify that 
the specified limit states are not reached and the blades therefore 
possess the strength and service life provided for in the design. 
Furthermore, it must be demonstrated that the blade can with- 
stand both the ultimate loads and the fatigue loads to which the 
blade is expected to be subjected during its designed service life. 
In general, blade testing methods fall into two main categories: 
static testing and fatigue (or dynamic) testing. In static testing, 
loads are applied statically to the blade and usually in flapwise 
and lead-lag directions, respectively. In fatigue testing, a loading 
spectrum containing millions of load cycles are applied. Single- 
axis tests in flapwise and lead-lag directions are often performed 
sequentially. Dual-axis testing is another approach, in which both 
flapwise and lead-lag loads are applied simultaneously. Malhotra 
et al. presented a good review of the blade testing systems for 
utility-scale wind turbines [10]. The test load can either be load- 
based or strength-based. The purpose of load-based test is to show 
that the blade will sustain the intended loads without failure. This 
type of test is normally used as part of a blade certification process. 
Strength-based testing uses as-manufactured blade strength data 
as its basis, and the blade is tested to failure. This allows a direct 
verification of the blade strength and failure mechanism, and an 
assessment of ways in which the design computations, and the 
resulting design itself, might be improved. This method can be 
used to find the lowest strength location, relative to expected 
strength, within a broad region. 


2.1. Static testing 


Laboratory testing of wind turbine blades was not commonly 
practiced until 1990s. In 1996, European Commission initiated the 
European Wind Turbine Testing Procedure Developments (EWTTPD) 
Project within the Standards, Measurement and Testing Program, to 
support blade testing laboratories harmonize their testing methods 
and come closer to a standard set of blade testing procedures [11 |. 
Three European member countries and the United States partici- 
pated in this project, represented by five laboratories inducing RISO 
National Laboratory for Sustainable Energy (RISO) in Denmark, 
Center for Renewable Energy Sources (CRES) in Greece, Stevin 
Laboratory of Delft University of Technology (Delft) in Netherlands, 
Energy research Centre of the Netherlands (ECN) in Netherlands, 
and National Renewable Energy Laboratory (NREL) in US. The main 
objectives were to make a reference database for different test 
methods, test techniques, and test results of static and fatigue 
testing of wind turbine blades being used by different laboratories; 
and to gain a greater collective understanding of the technical 
challenges of blade testing and to bring the international labora- 
tories closer to a unified approach. Through this project, results from 
different laboratories may be shared and widely accepted. 

The EWTIPD Project laboratories began by selecting a commer- 
cial blade model with good design records that could be released to 


the participating laboratories. The NedWind 25 blade was chosen as 
the test article, which was a 12 m long blade constructed of glass 
fiber reinforced polyester. Common static test was prescribed for all 
the laboratories to determine the blade properties. The mandatory 
test load was taken to be 75% of the extreme design load. The load 
application point was at the 7.65m spanwise location for both 
flapwise and edgewise loading. In addition, the positions of com- 
mon strain gauges were also identified, while the laboratories were 
free to add additional measurement locations at their discretion. 
The static tests showed reasonable agreement between the differ- 
ent laboratories. Herein, the static tests performed at NREL were 
cited as an illustration [12]. NREL preformed the static tests at 75% 
and 110% of the extreme design load for strain verification. A total of 
36 strain measurements and 2 bending bridges were used for each 
blade. Linear behavior was observed in the strain at all loads, 
indicating no structural failure or buckling stability limits were 
reached during the static tests. 

The fundamental purpose of full-scale static testing is to 
validate a new blade design. In this regard, a lot of full-scale 
static testing has been preformed. Nevertheless, only a few tests 
were available to public due to the proprietary of these works 
and protection of business secrete. Sandia National Laboratories 
(SNL) initiated a research program to demonstrate the use of 
carbon fiber in subscale blades [13]. From this effort, three 9 m 
designs were created. The first blade set was called CX-100 
(Carbon Experimental), and contained a full-length carbon spar 
cap, a relatively new concept at the time. The second blade 
design, the TX-100 (Twist-bend Experimental), had the same 
geometry as the CX-100, but featured a significantly different 
laminate design. The blade was designed to have passive aero- 
dynamic load reduction by orienting unidirectional carbon 20° 
off of the pitch axis in the skins from approximately 3.50 m 
outward. The final blade design named the BSDS (Blade System 
Design Studies) exhibited a highly efficient structure which 
included such features as a thin, large-diameter root; flatback 
airfoils; integrated root studs; and a full-length, constant-thick- 
ness, carbon spar cap. One blade from each design underwent 
static structural testing and was tested to failure. An array of 
sensors was used in the tests to monitor strain, deflection, load, 
and acoustic emissions (AE). The AE monitoring system detected 
not only the locations where damage was occurring, but also 
incipient global blade failure. The CX-100 blade displayed excep- 
tional stiffness. The blade failed due to panel buckling near max- 
chord which was likely initiated by a separation between the 
shear web and low-pressure skin in that region. The TX-100 blade 
successfully demonstrated twist-bend coupling caused by 20° 
off-axis carbon in the outboard skins. The TX-100 blade failed 
at a slightly lower load than the CX-100 blade but in a similar 
location. The BSDS blade displayed exceptional strength in 
comparison to the CX-100 and TX-100 designs, surviving to 
almost three times the target test load. The flat back airfoil 
feature performed well and did not display non-linear behavior 
until well after the target test load was reached. A large crack 
developed between the low pressure skin and the shear web in 
the bonding joint. 

Kong et al. proposed a structural design for developing a 
medium scale wind turbine blade made of E-glass/epoxy for a 
750 kW class horizontal taxis wind turbine system [14]. A proto- 
type blade was manufactured and a full-scale static structural test 
was then carried out at the simulated aerodynamic loads. The 
experimental results showed that the designed blade had struc- 
tural integrity. The predicted mass, spanwise center of gravity, 
blade tip deflection and first flapwise natural frequency agreed 
well with the corresponding measured values with 4% error. 
Furthermore, the measured strain results had good agreement 
with the analytical results. 
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Another purpose of full-scale static testing is to gain insight 
into the failure mechanisms of wind turbine blades. To this end, 
several full-scale static tests to failure have been reported. Riso 
carried out a project called “Improved design for large wind 
turbine blades, based on studies of scale-effects (Phase 1)” from 
2001 to 2002 [15-17]. The specific purpose was to study scale 
effects, in particular to classify the failure modes in wind turbine 
blades from blades tested to failure, to enhance the understanding 
of failure in composite structures under compressive loading, and 
develop approaches for experimental characterization and model- 
ing of adhesive joints under mixed mode (from pure peel to pure 
shear) loading. The blade used in the test was a 25 m epoxy glass 
fiber (prepreg) blade. Three different tests to a complete failure of 
the blade were carried out by using different supports on the 
blade. During the tests, the structural behavior of the blade was 
monitored with many sensors. Table 1 summarizes the damage 
found in the study. They were categorized into seven types. The 
local deflection was shown to be a good quantity for describing the 
state of the blade, i.e., how close the blade is to failure (buckling of 
the flanges and webs). However, the global deflection was not very 
sensitive to the damages that happen locally. Strain gauge mea- 
surements also gave good indication of how close the blade is to a 
failure by showing non-linear behavior. In addition, the practical 
benefits of AE monitoring were seen in the three tests, including 
identification of unwanted damages at load yokes, identification of 
damages making it possible to stop test and investigate damage 
and finally identification of how close you are to failure. 

In [18], a full-scale 34 m wind turbine blade, made of glass- 
epoxy pre-greg material, was tested to failure under flap-wise 
loading. Measurements supported by FE-results showed that 
debonding of the outer skin was the initial failure mechanism 
followed by delamination buckling which led to collapse. When 
the skin debond reached a certain size, the buckling strength 
of the load carrying laminate became critical and final collapse 
occurred. 

Overgaard et al. [19] carried out a full-scale static flap-wise 
bending test to collapse on a 25 m wind turbine blade manufac- 
tured by layered orthotropic and isotropic materials. The observed 
progressive first failure event, which led to further progressive 
damage evolution and finally to the sudden ultimately failure of 
the blade, was locally originated delamination. This resulted in 
delaminated laminae with elevated in-plane strain levels due to 
the diminished local moment of inertia of the compressive flange. 
Consequently, the first failure event caused an amplified increase 
of 1.75 in strain level at RO.192 (dimensionless distance from 
the root end) and a premature failure of the blade. The final 


Table 1 
Types of damage observed in [15-17]. 


Damage type Damage phenomenon 


failure event eventually occurred when the strain level reached 
the compressive fiber failure strain at which point the intralaminar 
stiffness erosion at RO.196 resulted in a complete loss of all 
structural integrity in the blade. 

Last but not least, full-scale static testing was also carried out to 
examine the applicability of SHM and NDT techniques on wind 
turbine blades. A big palette of SHM and NDT techniques has been 
tested on wind turbine blades in a laboratory environment. NREL 
performed the first SHM testing during the static testing of a9 m 
long wind turbine blade [20]. The blade was tested to failure. The 
final failure occurred at an axial location approximately 37.5% from 
the root end, which was expected to be the critical regions based 
on testing of earlier blades. One of the likely precursors to the final 
failure modes was the local buckling of the shear web. Approxi- 
mately 30 strain gauges and 20 AE sensors were installed and 
monitored on the blade. Some nonlinearity in the load strain plot 
was seen, implying the strain data was an indicator of damage. 
However, strain was a much localized measurement, a large 
number of strain gauges would be required to monitor a structure 
for damage. Stress wave parameters were sensitive to the evolving 
structural damage occurring in the blade. The amplitude and the 
waveform of the stress wave signals changed as the load level was 
increased. Changes in the signal amplitude and relative phase 
were seen in the received signal, particularly near the final failure 
of the blade. Nevertheless, measured stress waves were affected by 
not only the damage in the structure but also the change in 
curvature of the structure and the strain state in the sensors, 
actuators, and structure. Three independent methods for damage 
detection were therefore used to predict if damage would occur to 
the blade: (i) the resonant comparison method; (ii) the variance 
method; and (iii) the wavelet pattern recognition method. The 
results showed that stress wave propagation appears to have a 
promising potential for the detection of evolving damage in 
composite structures such as wind turbine blades. 

Risø carried out a full-scale static testing on a 19 m long blade 
to verify the abilities of the different types of sensors and NDT 
methods [21]. Two types of artificial damages were chosen for the 
test. The first damage was a notch in the trailing edge to promote 
laminate failure. The second damage was a failure in the adhesive 
joint in the trailing edge, i.e., the glue in the joint was removed in a 
part of the trailing edge. The sensors were strain gauges and AE 
sensors for the notch in a laminate in the trailing edge and a fiber 
optic micro-bend displacement transducer for the adhesive failure 
in the trailing edge. The fiber optic micro-bend displacement 
transducer was developed utilizing the fact that the propagation 
of light through an optical fiber may be strongly affected by bending 


Damage formation and growth in the adhesive layer joining skin and main spar flanges (skin/adhesive debonding and/or 


Damage formation and growth in the adhesive layer joining the up- and downwind skins along leading and/or trailing edges 


Damage formation and growth at the interface between face and core in sandwich panels in skins and main spar web 


Internal damage formation and growth in laminates in skin and/or main spar flanges, under a tensile or compression load 


Splitting and fracture of separate fibers in laminates of the skin and main spar (fiber failure in tension; laminate failure in compression) 


Buckling of the skin due to damage formation and growth in the bond between skin and main spar under compressive load 


Type 1 
main spar/adhesive layer debonding) 
Type 2 
adhesive joint failure between skins) 
Type 3 
sandwich panel face/core debonding) 
Type 4 
delamination driven by a tensional or a buckling load) 
Type 5 
Type 6 
skin/adhesive debonding induced by buckling, a specific Type 1 case) 


Type 7 


Formation and growth of cracks in the gel-coat, debonding of the gel-coat from the skin (gel-coat cracking and gel-coat/skin debonding) 
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the fiber. Two NDT methods, ultrasonic scanning and X-ray inspec- 
tion, were also used during the test. The following findings were 
obtained: (i) by use of strain gauges it was possible to measure 
changes in strain distribution caused by propagating damages. The 
necessary number of gauges depends on the size of damage the 
system was monitoring. (ii) The AE system was very capable of 
detecting even minor crack propagation. The position and severity 
of damage source events has been successfully determined using 
both zonal and linear time-of-flight localization arrays. (iii) The 
optic fiber micro-bend displacement transducer was capable of 
determining cracks in adhesive joints (and possible also delamina- 
tions). It was at least useable for determining crack sizes corre- 
sponding to the distance between each transducer. However, it was 
very important that the transducer remains attached to the separ- 
ating surfaces because the crack was detected by the relative 
displacement. (iv) Both the X-ray and the ultrasonic equipment 
were capable of locating the damage and determining the size of 
the damage. The ultrasonic system was well suited for determining 
the size and location of failure in the adhesive joint and most likely 
determining the failures. For the laminate damage (the notch in the 
trailing edge) the resolution of the ultrasonic system was too low to 
give an accurate position of the crack tip. For this damage type the 
X-ray technique proved to be very versatile. Used in combination, 
ultrasonic scanning and X-ray inspection were strong NDT tools for 
damage detection and localization in wind turbine blades. 

In [22], a large number of blade tests were carried out in order 
to include AE monitoring into standard blade certification tests. 
A total of ten small blades were tested: six baseline blades and 
four blades with defects. These 4.5 m long glass/polyester blades 
were specially designed and produced. The defect types and 
locations have been selected to represent typical examples of real 
production defect. The blades were loaded uni-axially in the 
flapwise direction. On most of the blades, cracks formed in the 
foam sandwich on the compressive side. AE activity from most of 
these locations was identified, and the cracks were successfully 
located. The blades with defect were tested with the aim of 
following the damage increase. Damage growth and final failure 
occurred at the defect zones. Damage growth could not be 
observed visually, but the AE data did indicate that the location 
of the AE events moved during the test. Furthermore, to automate 
the evaluation of the massive amount of AE data, a suite of pattern 
recognition software AEGIS, which used clustering algorithms to 
separate a collection of AE hits into classes based on their AE 
features, had been developed. When trained for a specific blade 
type, the software could be used to grade the structural integrity of 
various zones on the blade according to user-selectable criteria. 
The software could act as an early warning system against critical 
damage developing in specific regions of the blade, enabling more 
intensive observation of final failure mechanisms. The results from 
the software evaluation were encouraging. 


2.2. Fatigue testing 


It is much more difficult to carry out the fatigue testing than 
the static testing. There are few laboratories throughout the world 
that have the facility to perform fatigue testing of the wind turbine 
blades: Riso in Denmark, LM Wind Power in Denmark, CRES 
in Greece, WMC (Wind Turbine Materials and Constructions 
Knowledge Center) at Delft University of Technology in Nether- 
lands, NREL in US, LBR&TF (The Texas-NREL Large Blade Research 
and Test Facility) at The University of Houston in US, WTTC (Wind 
Technology Testing Center) in US, NaREC (New and the Renewable 
Energy Center) in UK. Each of these test facilities features inde- 
pendently developed blade testing methods. The reader is referred 
to [10] for more detailed blade testing systems for utility-scale 
wind turbines. In addition, a small blade fatigue test system which 


met the criterion of the IEC 61400-23 has been developed for the 
small composite wind turbine blades [23]. This fatigue test system 
was able to test 1-3 m long wind turbine blades with single or 
multiple samples tested simultaneously. Due to the limited avail- 
ability of fatigue testing facilities, the number of papers found in 
the literature that reported the full-scale fatigue testing of wind 
turbine blades is limited. 

Within the EWTTPD Project as mentioned in Section 2.1, each 
laboratory was also required to perform a fatigue test on the 
blade [11]. The laboratories independently determined fatigue test 
loads based on the design data, and then performed the tests using 
their “business as usual” practices. When possible, the laboratories 
agreed to follow the principles in IEC 61400-23 to reduce varia- 
bility in the methods. Again, the fatigue testing performed in NREL 
was presented here as an illustration. NREL performed single-axis 
and two-axis fatigue tests [12]. The single-axis test combined 
equivalent life loading for the flapwise and edgewise spectra into a 
single resultant load. The two-axis test applied the flapwise and 
edgewise components independently at a phase angle of 90°. 
During the single-axis test, two areas of blade damage were 
observed. The first was a crack that developed at the polyurethane 
joint interface at the root flange assembly. The crack eventually 
propagated around the root circular section. This crack did not 
appear to have immediate structural significance, but it would 
allow moisture intrusion in the field. The second damaged area 
was a crack inboard of the maximum chord on the trailing edge. 
This was in the portion of the span where the blade transitions 
from an airfoil to a circular root section. After it grew to about 
100 mm in length, the crack did not noticeably grow during the 
remainder of the test. The second crack seemed to develop locally 
as the curved airfoil section attempted to straighten under load. 
Similar damage was reported by CRES during their fatigue test. 
A parallel AE test was conducted during the single-axis fatigue 
testing [24]. High emissions around the observed root cracking 
and along the spar between station 2500 and 4200 mm on the 
compressive surface were detected. The trailing edge crack was 
not detected because the sensors were not properly positioned to 
detect this damage. The spar damage was verified during post- 
mortem sectioning. The same damage was observed in dual-axis 
test, but the onset of visible damage occurred sooner for the 
single-axis test. 

With the same purpose as the static testing, fatigue testing to 
failure was also carried out on the 9 m carbon fiber wind turbine 
research blades as mentioned in Section 2.1 [25]. Throughout the 
CX-100 blade test, a notable dimple was apparent in the low- 
pressure skin, at the 1100 mm station toward the trailing edge of 
the blade. The out-of-plane depth of the dimple progressed during 
testing. Spanwise surface cracks, formed at the joint of the carbon 
spar cap and the trailing edge panel, were noted between the 1200 
and 1400 mm stations. The test was stopped when these cracks 
had progressed through the thickness of the skin. The out-of-plane 
movement of the skin became progressively larger once the 
crack had fully penetrated the skin. In addition, the stiffness 
had decreased by approximately 12%, and the lead-lag motion 
progressively increased. The epicenter of the damage was the 
interface of the carbon spar cap and the glass/balsa panels. The 
increased crack length and development of a disbonding between 
the lower pressure skin and spar cap led to increasing larger out- 
of-plane panel deformation leading to gross panel buckling. 
Damage to the TX-100 blade manifested itself as fine gel-coat 
cracks on the high pressure side, running at an angle of 65° with 
respect to the spanwise axis. These cracks occurred throughout 
much of the span of the blade, but were most apparent in 
the 4000-5600 mm span of the blade. These gel-coat cracks 
progressed in length and gap width until out-of-plane movement 
of the skins abutting the crack was apparent. As the length and gap 
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of the crack increased, the principal axis of the crack front deviated 
from 65° to 20°, which was the same as the principal direction of 
the carbon fiber laminate. Once the principal direction of the crack 
coalesced to the principal direction of the carbon fiber, the crack- 
length rate and the out-of-plane distortion became progressively 
larger. The incipient cause of damage to the TX-100 blade was the 
outboard termination of the spar cap, which ends at the 4500 mm 
station. The spar cap termination caused a stress riser in the 
stressed-skin laminate. As it was seen, the fatigue-induced failure 
mechanism and location was significantly different from those 
caused by the previous static testing. 

During the fatigue testing of the TX-100 blade, several SHM 
and NDT techniques were exercised [26,27]. The SHM systems 
were implemented by teams from NASA Kennedy Space Center, 
Purdue University, and Virginia Polytechnic Institute and State 
University. In addition, a commercial off-the-shelf AE system was 
also employed to gather the AE data throughout the test. The 
diversity of materials in the composite wind turbine blade resulted 
in challenging acoustic properties for AE system. The acoustic 
velocities were highly anisotropic, and the acoustic energy 
attenuation was comparatively high resulting in sensor separation 
of 0.4m or less. This resulted in increased uncertainty in locating 
the AE events. However, the AE system did detect significant AE 
events early in the test and therefore was a very informative 
diagnostic tool during the test. NASA Kennedy Space Center 
implemented a wave propagation based SHM technique by instru- 
menting the high-pressure side an MFC actuator and three MFC 
sensors and on the low-pressure side an MFC actuator and two 
MFC sensors. This SHM system was placed entirely in-board from 
the maximum chord, where the blade had failed in the previous 
static testing. Unfortunately, this was not where the blade failed in 
fatigue. The trains placed on the MFC sensors as the blade was 
loaded and the blade movement may have blocked the random 
input signals from the actuators causing erroneous sensor data. All 
this resulted in noisy data. Purdue University installed an array of 
high sensitivity triaxial accelerometers, low-frequency capacitive 
accelerometers, and piezoelectric actuators with force sensors 
over the surface of the blade to monitor the loading and the blade 
damage. The in-plane displacement measurements between the 
damage and root were found to be sensitive to the crack growth 
and direction. The dynamic features of the blade were sensitive to 
the variations in ambient temperature. Active diagnostics with the 
method of virtual forces was sensitive to the damage for in-plane 
measurements following adjustment for thermal effects. Impact 
identification was demonstrated with 93% accuracy of the location 
within 1.3% accuracy of the magnitude. Modal decomposition was 
an accurate prediction of the excitation mode shapes throughout 
the test and a practical approach for near real time loading 
monitoring. Second order harmonics excited by the fatigue system 
were shown to be on the magnitude of the driving frequency at 
the tip in the lead-lag and spanwise direction. Virginia Polytechnic 
Institute and State University developed an impedance-based SHM 
system consisting of 6-each MFC self-sensing actuators mounted 
on the blade surface and an impedance analyzer. Baseline readings 
of the MFC sensors before the fatigue test started showed no 
peaks and therefore no structural information from 5 to 60 kHz. 
As expected from the initial baselines, no damage was detected 
throughout the fatigue test. 

Likewise, the detection performance for multiple detectors or 
test statistics using different active sensing hardware systems in 
identifying the presence and location of a through-thickness 
fatigue crack was examined in the fatigue testing of the CX-100 
blade [28-30]. In the acquisition hardware domain, the ultrasonic 
guided wave (UGW) method was compared with the diffuse wave 
field (DWF) method; in the detector domain, energy methods 
were compared with correlation methods. The UGW data at a 


relatively high frequency for fiber glass structures at 200 kHz 
provided excellent detection performance. At this frequency, the 
UGW data produced comparable detection performance for both 
the energy and the correlation methods. Detection performance 
was best along the spar cap, indicating that for this structure, an 
extremely low-density array might be sufficient to detect incipient 
cracks that cross the spar cap. While the 50 kHz UGW data 
provided good detection performance, the better performing paths 
lay neither near the crack nor along the spar cap. The DWF data 
displayed the greatest overall sensitivity using the smaller inner 
array with the energy-based test statistic, with even heightened 
sensitivity for sensor paths near the crack. With the DWF data, the 
inner sensor array experienced a noticeable drop in detection 
performance for the correlation-based test statistic. Therefore, the 
energy-based detector outperformed the correlation-based detec- 
tor, and in some cases, applying the correlation-based detector 
resulted in serious drops in performance otherwise available with 
the same data. In addition, the use of auto-associative neural 
network (AANN) as a novelty detection algorithm was also 
exercised under the fatigue testing of the CX-100 blade [31]. 
Frequency response functions extracted by using active sensing 
measurements were used for the novelty detection methods. The 
use of AANN as a novelty detection algorithm was shown to be 
effective in detecting alternate mechanism during the continuous 
fatigue test. Active sensing measurements combined with novelty 
detection methods enabled a quantitative and qualitative damage 
detection even when the system exhibited a range of normal 
conditions. 

In [22], fatigue testing on four of the ten blades as mentioned in 
Section 2.1 was also performed. The aim of these fatigue tests was 
to have gradual increasing damage and to be monitored by the AE 
system in a limited time. The fatigue load was increased in steps to 
realize failure. The development of a methodology appropriate to 
fatigue tests was significantly more difficult due to the potentially 
huge data files and the necessity for limiting the amount of data in 
some way. As a result, the AE system failed to locate all cracks in 
the fatigue tests. 


2.3. Full-scale testing in China 


Rich wind resources and strong support in regulations by the 
Chinese government have enabled the Chinese wind power 
industry to grow at a fast speed. China became number one in 
total installed wind capacity in the year 2010 and maintains the 
lead ever since. The total installed capacity reached 75,324 MW 
by the end of 2012, accounting for 26.7% of the global wind 
capacity [1]. Unsuited to the position of the international wind 
power industry center, laboratory testing of wind turbine blades 
is not commonly practiced in China. Perhaps the most significant 
reason is that the facilities required to test blades does not exist 
in China. Another main reason may be the considerable high cost 
of full-scale testing of wind turbine blades. As China has started 
to export wind turbines to other market, an increase in the 
number of full-scale testing of wind turbine blades is expected. 

Modal testing of wind turbine blades emerged in China at the 
beginning of 21st century. However, the wind turbine blades 
tested then were of small scale with lengths of some 1 m usually. 
Full-scale testing of large-scale wind turbine blades was not seen 
until recent years. In 2009, a full-scale modal testing of a 38m 
long blade for MW wind turbines was performed by Institute of 
Engineering Thermophysics, Chinese Academy of Sciences [32]. 
The institute has the largest blade test facility in China, which is 
capable of testing wind turbine blade with a maximum length of 
65 m. The main purpose of this modal testing was to validate the 
finite element model for the blade and the subsequent numerical 
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simulation. The numerical simulation was verified by the testing 
results. 

So far, the most comprehensive full-scale testing of wind turbine 
blades carried out in China was accomplished by Yang et al. [33]. 
A 40 m long E-glass/epoxy composite wind turbine blade was tested 
to collapse under flapwise loading in a full-scale static test, in order 
to gain some understanding and insight to the chain of events 
leading to the collapse of large-scale composite wind turbine blades. 
The results showed that the debonding of aerodynamic shells from 
the adhesive joints was the initial failure mechanism in the facture 
propagation process. The stress concentration induced by the 
structure defect caused an initial debonding in the adhesive joints 
between the aerodynamic shells and the shear webs, and a 
progressive debonding evolution started with increasing loading. 
Then, instability phenomena (i.e., local buckling and delamination) 
and its interaction started and propagated with the progressive 
debonding evolution. When the combined effect of debonding and 
local buckling and delamination reached a certain extent, a sudden 
collapse of the blade occurred. 


3. New measurement technologies 


Routinely, deformations (strain and displacement) are mon- 
itored during the full-scale testing of wind turbine blades. Strain 
measurement by electrical strain gauges is a common technique. 
Electrical strain sensing is a well-established mature technology 
with a range of low cost equipment and sensors available. 
Electrical strain gauges have become so widely accepted that 
they dominate the entire strain gauge field. Several types of 
electrical strain gauge exist including capacitance, inductance, 
semiconductor and resistance. Among them, the resistance type 
is the most widely used, while capacitance, inductance and 
semiconductor types are utilized less frequently. Electrical strain 
gauges, when correctly installed, have the ability to produce 
accurate results. However, they suffer from several disadvan- 
tages. Electrical strain gauges are prone to non-linearity, hyster- 
esis and zero shift due to cold work of the foil material, poor 
bond, and viscoelastic effects of the carrier material. They are 
also susceptible to changes in temperature. Therefore, they are 
not suited to use over many years. 

Monitoring displacement of a wind turbine blade is much more 
difficult, especially under extreme load and fatigue load condi- 
tions. The conventional displacement measurement techniques, 
such as linear variable differential transducers, micrometer gauge 
and others, are the so-called contact measurements. The contact 
measurement is a high-precision measurement for small deforma- 
tions at discrete points on the object. However, the measurement 
range is very limited and the measurement system has a complex 
layout when the number of measured points increases. As a result, 
it is very difficult to measure the displacement of a large-scale 
wind turbine blade using the contact measurement in the full- 
scale range due to the complexity of layout and expensive cost. 
In addition, more than 108 cycles will happen in the expected life 
cycle of 20 year of a wind turbine blade. The sensor applied in the 
contact method is prone to failure under the cyclic loading in the 
full-scale fatigue testing. 

Recent advances in photogrammetry and digital image correlation 
(DIC) have allowed new opportunities for blade monitoring. The 
primary benefit to using photogrammetry or DIC is that the 
measurement approach is not limited to identifying the displacement 
or strain at only a few discrete measurement locations, but instead 
makes full-field surface measurements possible. These techniques 
are currently being explored on a few wind turbine blade applica- 
tions and can provide a wealth of additional information that was 


previously unobtainable. These works are summarized as follows in 
order to discover the pros and cons of these techniques. 


3.1. Photogrammetry 


Photogrammetry is a measurement technique where 3D coor- 
dinates or displacements of an object can be obtained by using the 
2D images taken from different locations and orientations. The 
principle of this method is similar to the stereoscopic view of 
human vision. Two imaging sensors view an object from different 
positions and perspectives. Using such a stereoscopic camera 
setup, each point of the object surface is focused onto a specific 
pixel in the image plane of the respective camera. With the 
knowledge of the imaging parameters for each camera (intrinsic 
parameters: focal length, principle point, and distortion para- 
meters) and the relative positions and orientations of the cameras 
with respect to each other (extrinsic parameters: rotation matrix 
and translation vector), the 3-D position (coordinate) of each 
surface point can be calculated. This is done by triangulating the 
location of each point on the object by calculating the intersection 
of projected epipolar lines-of-sight defined by each of the images. 
Although each picture provides 2D information only, very accurate 
3D information related to the coordinates or displacements of 
the object can be obtained by simultaneous processing of these 
images. The method is sometimes called videogrammetry, which 
implies that sequences of pictures are used to monitor the 
dynamic response of an object. The method is also referred to as 
the stereo-photogrammetry when two or more cameras are used 
and photogrammetric principles are applied to the synchronized 
series of images to produce the 3D time series of the targets [34]. 

The first attempt to apply the photogrammetry technique to a 
wind turbine was made by Corten and Sabel in 1996 [35]. They 
performed several vibration measurements on a 2 bladed wind 
turbine of 10 m diameter while the turbine was in operation. For 
this purpose, they placed several markers both on the blades and 
on the tower. Based on the results of the consistency checks, the 
authors reported that the measurement error was directly related 
to the size of the observed object or field and in the range of 
0.043% (or 1/2500) of the field of view. The authors also reported 
that photogrammetry would be a very promising method to 
monitor wind turbine dynamics if the hardware and software 
technology progressed. 

Making use of the state-of-the-art software and hardware, 
a work similar to Corten and Sabel was carried out by Ozbek 
et al. recently [36]. They were similar in terms of the reflective 
round markers and the image post processing method used. The 
tests were conducted on a pitch controlled, variable speed Nordex 
N80 wind turbine with a rate power of 2.5 MW. The wind turbine 
had a rotor diameter and tower height of 80 m. An off-the-shelf 
system consisting of four Charge-coupled Device (CCD) cameras 
was used to monitor the dynamic behavior of the wind turbine in 
operation. The whole wind turbine structure was captured in all 
the pictures taken which resulted in a very large area (120 m high 
and 80 m wide) to be viewed by each camera continuously during 
the entire measurement period. The distance between the camera 
flash light systems and the wind turbine was 220 m. The markers 
were made up of retro-reflective materials (1000 times more 
reflective than the background material) to increase the reflectiv- 
ity of the target and to provide a better visibility. The first 
edgewise and first flapwise modes were easily identified from 
the data obtained from photogrammetry. The random component 
of the coordinate measurement error was in the range of +5 mm 
or 1/16,000 of field of view. The deformations on the turbine could 
be measured with an average accuracy of +25mm from a 
measurement distance of 220m, which was the overall error 
including both the systematic and random errors. The maximum 
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value of the systematic error was found to be in the order of 
+30 mm, being found for the outermost markers (tip markers). 
Accounting for the random error component in the range of 
+5mm, the maximum overall error could reach 35 mm for the 
tip markers. 

To overcome the difficulties to paint or place reflective markers 
on large-scale wind turbine blades, a dot-projected stereo-video- 
grammetry system was created by Johnson et al. to monitor the 
surfaces of wind turbine blades during static and fatigue testing 
[37]. The basic videogrammetry setup consisted of a digital projec- 
tor and two cameras mounted at different viewing angles, as shown 
in Fig. 2. The projector generated the markers on the surface of the 
wind turbine blade, while the cameras captured the images of the 
blade motion. Microsoft PowerPoint slides with different densities 
of markers were displayed on the surface of the wind turbine blade 
through the projector to get the correct grid spacing and size. The 
videogrammetry system was used on the BSDS blade as mentioned 
in Section 2 during its static and fatigue testing. The test used 54 
coded targets to record the motion of the high pressure surface at 
maximum chord. Three normalization methods were proposed to 
construct a non-inertial reference coordinate system to negate the 
motion of the blade as a whole, so that relative motion of the 
surface points can be measured. Rotational and translational trans- 
formation techniques were devised to convert the spatial data into 
the common coordinate system attached to the blade. The target 
data were then used to quantify blade shape changes between each 
of the epochs. The absolute motion, twist and flap of the blade, as 
well as the relative motions between the points could be obtained. 
The system tracked projected targets on the surface of the blade 
with sub-millimeter accuracy, which allowed small deflections and 
rotations of the blade to be captured. Using of projected targets 
also allowed for less preparation time, quick adjustments in the 
target type and spacing, and it did not interfere with the motion, 
deformation, or shape of the object. 

Recognizing the wind turbine blade experienced simulta- 
neously the small buckling deformation and the large integral 
deformation, a multi-scale deformation measurement system was 
developed based on the photogrammetry technique [38-39]. 
In this system, both the integral deformation of the entire blade 
and the small-scale deformation of aerodynamic shape were 
monitored. The system was applied to measure the deformation 
of the 40m long E-glass/epoxy composite wind turbine blade 
during the full-scale static testing as mentioned in Section 2.3. 


Buckling Area 


Fig. 2. Dot-projected stereo-videogrammetry system setup [37]. 


The integral deformation had large amplitude and the measure- 
ment required a relatively low precision. In this case, three still 
cameras were constructed with a large view field and a remote 
(about 30 m) intersection. Black and white markers were attached 
to various points for high-precision and sub-pixel location on the 
image. A parallel network measurement method was proposed for 
the buckling deformation measurement as relatively high preci- 
sion was required in this case. The blade was divided into several 
local sections about 3 m length, and each of interest was measured 
by a set of stereo cameras. All the sets of stereo cameras were 
networked in parallel and triggered simultaneously. Grid land- 
marks were drawn on the blade surface. The results showed that 
the accuracy of the integral deformation measurement is higher 
than 0.5 mm per meter. The accuracy of the small-scale deforma- 
tion measurement is higher than 0.1 mm per meter. 

Photogrammetry technique has also been applied to the identi- 
fication of dynamic characteristics of wind turbine blades. In [40], the 
stereo-photogrammetry technique was used to identify the mode 
shapes of a 1.17 m diameter wind turbine blade. The blade containing 
a handful of optical targets was excited at different frequencies using 
a shaker as well as a pluck test. The response was recorded using a 
pair of high speed cameras, and the displacements of the optical 
targets during the tests were measured using the dynamic point 
tracking software. The modal frequencies and operating shapes for 
the first two flapwise bending modes were extracted from the out- 
of-plane displacements. They were then compared to those extracted 
from a finite element model and a hammer impact test. Strong 
correlations among the modes extracted with the three methods 
were observed, evidencing the capability of stereo-photogrammetry 
technique in vibration measurements. The stereo-photogrammetry 
could be used for the measurement of low-frequency vibrations. 

Lundstrom et al. improved upon the experimental methods 
used on the 1.17 m diameter wind turbine blade as mentioned 
above [41]. These improved methods were applied to a larger 
2.56 m diameter turbine/rotor analog, which was composed of 
three oak planks mounted to a central hub. Operating data on the 
structure was collected outdoors and shape information was 
extracted from this operating data. Mode shape extraction proved 
to be quite difficult because of the low rotation of the structure 
that resulted in very closely spaced harmonics. The harmonics 
contribute to the overall response of the structure and obscure the 
modal parameters and fixed frequency measurements intensive to 
the system. To remove these harmonics from the structural 
response, a tachometer signal was developed that output a series 
of unit pulses synchronized to the x displacement sinusoid and a 
harmonic filter was computed using the tachometer and applied 
to the z displacement. The crosspower spectra were computed for 
the filtered data to extract the mode shapes and frequencies. The 
operational modes shapes were compared to the mode shapes 
extracted from the impact measurements using both MAC values 
and frequencies and these mode shapes were found to compare 
quite well. 

The use of photogrammetry for the measurement of dynamic 
characteristics of large-scale wind turbine blades has been done by 
Paulsen et al. [42]. The operating deflection shapes of a 41m 
diameter wind turbine were measured during both normal opera- 
tion, and also an emergency stop. A pair of cameras was placed on 
tripods approximately 55 m away from each other, and approxi- 
mately 110 m away from the tower of the wind turbine, resulting 
in a camera angle of about 30°. The targets had a diameter of 0.3 m 
in order to meet the 10 pixel diameter requirement for accurate 
determination of the center-point coordinates. The system pro- 
vided dynamic deformation data at numerous locations along the 
length and chord of all blades as well as the tower, such as 3D 
displacements, operating deflection shapes, blade torsion, tower 
deformation, etc. 
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3.2. Digital image correlation 


DIC technique relies heavily on the principle of photogrammetry. 
It uses an arbitrary speckle pattern that is randomly sprayed onto 
the object surface or that is offered by the texture of the specimen's 
material. The objective is to obtain an image with a varied and 
distinctive pattern, in order to enable discrimination between 
different groups of pixels called subsets. A matching algorithm is 
employed to recognize and track a specific subset on a series of 
images. The concept behind the matching algorithm is that the 
distribution of gray values in a subset of the picture taken at the 
undeformed state corresponds to the distribution of gray values of 
the same subset of the picture taken at the deformed specimen. 
Possible matches at several locations are checked and a similarity 
score (correlation function) is used to grade them. By tracking the 
subsets in each successive image and applying photogrammetric 
principles of triangulation and bundle adjustment, the 3-D position 
or coordinate of each subset across the surface of the object are 
obtained and the resulting relative displacements and strains can be 
calculated. DIC technique was developed in the 1980s indepen- 
dently by Yamaguchi [43] and Peters and Ranson [44]. But the 
technology has only recently been exploited in industry and 
research, benefiting from the rapid developments in high resolution 
digital cameras and computer technology. 

The use of DIC technique to measure the full-field stress 
and strain of wind turbine blades were explored in [45-46]. 
In preparation for the testing of an actual wind turbine blade, 
testing and analysis was performed on a 5 ft long aluminum beam. 
A static test was first performed for the validation of the test setup 
and methodology for the actual testing. The authors reported that 
the DIC results and strain gauge data compared very well. All 
strain measurement between the two techniques had correlation 
coefficients greater than 0.98, validating the use of DIC for this 
application. Two different dynamic tests were then performed to 
study the effectiveness of the DIC technique. The first dynamic test 
was a pluck test where the tip of the beam was displaced a certain 
amount, released, and the beam oscillated. In another dynamic 
test a shaker was located near the base of the beam and oscillated 
at the first natural frequency of the system. Again, the DIC results 
and strain gauges data compared very well in both dynamic tests. 

In [47], the 3D static responses of two 8 m long wind turbine 
blades with and without UD layers were measured by an advanced 
3D digital optical deformation measuring system. The system 
recorded the surface of the blade throughout the entire load 
history using two CCD cameras. In order for the optical system 
to capture as much of the blade surface as possible, the two 
cameras were positioned pointing downwards on the blade sur- 
face. As an aid, a speckle pattern (black spray paint on a white 
background) was applied to the surface of the blade. Since the 
surfaces of the blade section were of a considerable size, a harsher 
pattern was needed and the best results was obtained by applying 
dim black spots of a size around 6 x 6 mm? on the surface. Making 
use of digital image processing, the full-field 3D displacements 
and surface strains of the object were obtained from the captured 
digital images. 

During the static testing of the CX-100 blade as mentioned in 
Section 2.1 [13], full-field displacement and strain measurements 
were extracted using 3D DIC [48]. Measurements were taken at 
several angles near the blade root, including along the high- 
pressure surface, low-pressure surface, and along the trailing edge 
of the blade. The overall results indicated that the DIC approach 
could clearly identify failure locations and discontinuities in the 
blade curvature under load. Post-processing of the data using a 
stitching technique enabled the shape and curvature of the entire 
blade to be observed for a large-scale wind turbine blade for the 
first time. The experiment demonstrated the feasibility of the 


approach and revealed that the technique readily can be scaled up 
to accommodate utility-scale blades. 

The capability of DIC technique for use in a rotating blade has 
been investigated by Helfrick et al. [49]. A bench test was designed 
for this purpose. The test object used was a desk fan with 3 blades 
each measuring 8.9 cm in the radial direction out from the center 
hub. The test employed a stereo pair of CCD cameras each with a 
pixel array of 1600 x 1200 pixels. A stroboscope with a quick flash 
was employed to illuminate the object as well as prevent motion 
blur in capturing fast motion. The stroboscope was positioned 
about 1 m directly in front of the fan facing at a slightly downward 
angle in order to reduce glare into the cameras. Surface displace- 
ments were calculated by subtracting the measured surface shape 
of the fan in a static condition from the measurements of the fan 
made while the blades were rotating. The measurements were 
de-rotated allowing them to be displayed in a rotating coordinate 
system as a function of fan angle or time. By so doing, a rigid body 
displacement during operation could be observed. 


4. Conclusions and prospects 


In this paper, a review of full-scale structural testing of wind 
turbine blades is presented. The failure mechanisms of wind 
turbine blades are emphasized in this review. Meanwhile, promis- 
ing SHM and NDT techniques exercised in full-scale testing are 
also highlighted. In addition, new measurement technologies for 
wind turbine blade monitoring, including photogrammetry and 
DIC, are summarized. The key implementation issues as well as the 
pros and cons of these techniques are discussed. The following 
conclusions and prospects are obtained: 


(1) Although some efforts have been made in identifying the failure 
mechanisms of wind turbine blades, well recognized failure 
mechanisms, which can be used to optimize the design of large- 
scale wind turbine blade as well as to guide the design of SHM 
system, has not been achieved. With the advent of new design 
concepts as well as the increasing size of wind turbine blades, 
more structural instability phenomena and more complicated 
failure mechanisms are expected. Therefore, more full-scale 
structural tests on large-scale wind turbine blades are necessary 
in order to gain more experiences with practical significance. 

(2) Among the various NDT techniques, AE has been most widely 
exercised in the full-scale testing of wind turbine blades. The 
method has the potential to be a promising in-service wind 
turbine SHM technique. It is sensitive to all kinds of damage up 
to sub-micron size damage and it can locate the damage or 
impact quite accurately. It has the potential for distinguishing 
between the damage types as well. To this end, knowledge 
relating damage types and sensor signals should be estab- 
lished. A next logical step is to use AE as a standard tool in the 
full-scale testing and approval of new wind turbine blades. The 
limitation of this method is the number of sensors required 
and the signal noise during the operation of the wind turbine. 
It must be investigated whether sensors can operate satisfac- 
tory for a long time under real working conditions. 

(3) Non-contact measurement technologies will play more and 
more important roles in the wind turbine monitoring. Photo- 
grammetry and DIC techniques have become competitive 
alternatives to traditional contact measurement methods. 
The capability to capture full-field measurements along with 
its non-contact features has led to their growing use. Photo- 
grammetry has proven to be a very useful tool for the 
deformation measurement of wind turbine blades. The use 
for dynamic measurements on both static and rotating wind 
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turbine blades is also promising. It is well suited for measure- 
ment of low-frequency vibrations. Nevertheless, to apply this 
technique in SHM, its long-term in-field performance is an 
open question. DIC has been successfully applied to measure 
the 3D displacements and surface strains of static wind 
turbine blades. Attempts have also been made to apply this 
technique to the measurement of 3D displacements and sur- 
face strains of rotating wind turbine blades. But more efforts in 
this regard have to be paid. Having the full-field measure- 
ments provides information about structural defects or 
abnormalities that traditional sensor could only detect if 
placed at that discrete location. Therefore, the use of DIC in 
the full-scale testing of wind turbine blades to failure is 
recommended. Likewise, its application in SHM is much more 
challenging. 
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